In this work we have explored the problem of bottom-up figure-ground segmentation, both as an image segmentation task, and as a perceptual grouping problem. We presented an compre-
hensive overview of current research in both fields, and discussed reasons why despite a vast research effort, image segmentation and perceptual grouping on unconstrained images continue to be extremely challenging.
Up to this point, we have not discussed the relationship between image segmentation and perceptual grouping. It is clear from our research, that our current implementations of each of these methodologies are particularly well suited to certain classes of images. Our contour extraction algorithm can be expected to yield good results in reasonably structured environments, and on images that contain simple objects. SE-MinCut proves particularly useful for dealing with less structured environments, and with irregularly shaped objects. Figure 9 .1 illustrates some of these points.
Image segmentation and perceptual grouping have traditionally relied on different image cues. Segmentation is often based mostly on pixel appearance, be it by using brightness, colour, or some measure of texture similarity (though the issue of cue integration for segmentation has received a reasonable amount of attention, see [62, 63] ); whereas perceptual grouping usually relies on the information provided by image edges, and on grouping principles that exploit the 190 CHAPTER 9. CONCLUSIONS AND FUTURE WORK 191 Figure 9 .1: Two images with different characteristics, and results from SE-MinCut, and our contour extraction method. Notice that on the top image which comes from a structured environment, contour extraction performs particularly well. Conversely, on the bottom image, which comes from a relatively un-structured environment, SE-MinCut works best. In general, contour extraction using only edge information is not well suited for un-structured environments, or objects whose boundaries are too irregular. It should be noted that SE-MinCut performed segmentation on downsampled versions of each image. In our particular case, we have shown quantitative evidence that the SE-MinCut algorithm is able to capture a large percentage of the boundary structure that human observers considered salient across a large image database. However, we noted that capturing more of the salient image structure resulted in additional over-segmentation, and that a merging stage would be required to join together image regions that are likely to belong to single objects. Furthermore, we pointed out that such a merging stage would have to rely on cues other than pixel appearance. This suggests that image segmentation would benefit from a merging stage based on perceptual grouping principles that group regions together, so as to achieve boundaries with the desired properties (smoothness, compactness, symmetry, etc.).
We have also shown that our contour extraction algorithm can be biased using additional image cues, and demonstrated the improved results obtained by incorporating simple colour information into the search framework. We expect that region information could be used in a similar way to provide additional guidance for the grouping method. In particular, region information could be used to bias the grouping procedure so that it avoids grouping with segments that are contained in regions that have already been determined to be homogeneous by the image segmentation algorithm. This would be particularly useful in heavily textured regions of the image.
By preferentially following paths in the image that have been marked as boundaries by the segmentation algorithm, the grouping stage would in effect be performing the task of deciding which regions output by the segmentation algorithm should be merged, based on the percep-CHAPTER 9. CONCLUSIONS AND FUTURE WORK 193 tual grouping principles used by the contour extraction method. We have reason to believe that such a scheme would provide better figure-ground segmentation results than either image segmentation of contour extraction alone. The integration of image segmentation and perceptual grouping results is potentially the most beneficial direction for future research.
Other future research directions include the improvement of the SE-MinCut algorithm to use a more comprehensive measure of the affinity between pixels. We can also improve the algorithm that generates source/sink combinations for Min-Cut so as to reduce the number of cuts that have to be performed on larger images, with the subsequent increase in performance.
It would be worthwhile to enhance the merging stage to increase robustness, and decrease the likelihood of under-segmentation. Another potentially beneficial extension would be to modify the SE-MinCut algorithm to perform recursive, coarse-to-fine segmentation, thereby achieving better performance, and allowing the algorithm to segment higher-resolution images.
The contour extraction algorithm can be extended to find and remove paths that lead only to open chains; it can also be adapted to perform grouping at multiple scales, and then use grouping results at coarser levels to bias the search at finer levels. Another interesting possibility is to have the algorithm find small contour fragments (of at most a few segments, which can be done quite efficiently), and then combine partial chains into contours. This should be more efficient than performing the deeper search required to extract full contours, and doing this for every image segment. Finally, there remains the issue of defining a robust, general measure of contour saliency. Though our current saliency measures perform well, we expect that as more image information becomes available (e.g. by incorporating image segmentation results) the ranking of output contours can be enhanced.
Summary of Contributions
In this thesis, we have made contributions to the fields of image segmentation and perceptual grouping. Within the field of image segmentation, we have presented spectral embedding as CHAPTER 9. CONCLUSIONS AND FUTURE WORK 194 a general technique for clustering data. We have shown a direct connection between spectral embedding and anisotropic, smoothing kernels. We've used spectral embedding to generate seed regions for min-cut, proposed an algorithm for combining seed regions into source/sink pairs, and shown that the resulting partitions capture salient image structure.
We proposed a complete segmentation algorithm, and showed a visual comparison of segmentation results between SE-MinCut and three of the leading segmentation algorithms. We also carried out a thorough quantitative evaluation of segmentation quality over the Berkeley Segmentation Database. We proposed a suitable algorithm for matching the boundaries of two segmentations, and used precision/recall metrics based on this boundary matching to measure segmentation quality. Our results indicate that SE-MinCut produces better segmentations across its range of input parameters, in particular, SE-MinCut is capable of capturing a higher fraction of the salient boundaries of an image with less over-segmentation than competing algorithms, and the boundaries themselves are more accurately localized.
In the field of perceptual grouping, we presented a robust and efficient search framework for contour extraction. Our framework is based on locally normalized, pairwise affinities between line segments, and includes a search control technique to keep the algorithm from repeatedly finding variations of the same shape. We demonstrated the algorithm first in the domain of convex group detection, where we showed that the use of normalized affinities resulted in robust performance on line sets with significant variation. We demonstrated that a single set of parameters yields excellent performance on all our test images, and that the algorithm achieves a reduction of several orders of magnitude in search complexity with regard to a previous method for convex group extraction, based on boundary coverage.
We then presented a general contour extraction procedure based on our search framework.
Our contour extraction algorithm uses compactness and smooth continuation as grouping constraints, and achieves a similar level of performance as our convex group detector. We showed experimental results on a variety of images, all of which indicate that the framework can efficiently and robustly detect salient image contours. Finally, we demonstrated the flexibility CHAPTER 9. CONCLUSIONS AND FUTURE WORK 195 of the search framework by incorporating colour information during the search phase, as well as for evaluating the saliency of the extracted contours. The resulting algorithm can deal with heavily textured objects, and the resulting contours agree much better with the observed image structure. Our algorithm performs contour extraction efficiently on images in which the abundance of clutter, texture, and repeated structure makes other current grouping algorithms impractical.
We believe that both the SE-MinCut algorithm, and our contour extraction method represent significant advances in their corresponding fields. The work presented in this thesis demonstrates that bottom-up figure-ground segmentation can be pushed a long way for arbitrary images. Though there remains a significant amount of work to be done before the figureground discrimination problem is solved, we believe that bottom-up algorithms are close to the point where they can be used as a practical pre-processing stage for higher level vision tasks such as object recognition and tracking. [23] Timothee Cour, Stella Yu, and Jianbo Shi.
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